ABSTRACT IU-_4CISucrose, myo_IU-'4Clinositol, 16-'4CI-and IU-14Clglucuronate, UDP-IU-_4Clglucuronate, IU-_4Clgluconate, and L-11-"4Clascorbic acid were fed into grape berries, Vids labruscs L. cv. Delaware, at intervals throughout the ripening process and incorporation of 14C into several metabolites was studied.
IU-'4CISucrose was the most effectve precursor of cellulose in young grape berries and of glucose and fructose in mature berries. On the other hand, UDP-IU-_4Cjglucuronate was the best precursor of pectic substance, followed by 114Cjglucuronate and myo_IU-_4Clinositol. L-1-"4ClAscorbic acid was the most effective precursor of tartaric acid. In young berries, IU-"Cisucrose and IU-14Clgluconate also produced labeled tartaric acid, the latter a somewhat better precursor in the 3 weeks following flowering. The remaining test compounds were only poor sources of 14C for tartaric acid although all three, glucuronate, UDP-glucuronate, and myoinositol, were utilized by the grape berry for pectin biosynthesis.
These results strongly indicate that tartaric acid is synthesized by a C-1 oxidation mechanism of hexose in young grape berries.
Tartaric acid is a well known organic acid which accumulates in some species of higher plants (26, 27) . Nevertheless, the physiological role(s) of TA' as well as the biochemical basis of such role(s) remain obscure. One of the most familiar plants which accumulate TA is the grape.
The content of TA in a plant reflects its balance of TA assimilation and dissimilation. Recently, we proposed a mechanism for TA dissimilation in grape leaves (32) . Exogenously supplied ['4CJTA is readily dissimilated to "CO2 by grape berries (31) but only a small portion of the TA present in grape berries is utilized in this way once it has equilibrated with the physiological pool (24, 31) .
In our previous paper concerning the biosynthesis of TA (25) , we showed that [1-'4CJAA is an effective precursor of carboxyllabeled TA in ripening grape berries. We also noted that considerable 14C was found in TA after feeding [6-14C] Administration of Labeled Compounds. Labeled compounds were introduced into vine-attached grape clusters by means of cotton thread as described in a previous paper (25) . Young grape berries (20-50 days after flowering) were given 2 ,uCi while mature berries (60-90 days after flowering) were given 4 ,uCi of each "Csubstrate. Berry clusters were harvested 48 hr after feeding. Experiment I. To identify the most labeled berries in a freshly harvested cluster, the peduncle of each berry was detached and analyzed for 14C individually by suspension in a vial ofscintillation solution. Then, several of the most intensively labeled berries (totaling 1 g in fresh wt) were selected as samples for 14C analysis.
Labeled berries were lyophilized and their 14C constituents fractionated by the procedure outlined in Figure 1 . In this procedure, freeze-dried berries were ground in a mortar and extracted successively with 80%o ethyl alcohol (fraction 1), H20 (fractions 2 and 3), hot H20 (fraction 4), and hot EDTA solution (fraction 5) (1, 28).
The H20 extract was passed through an Amerlite IR 120 (H+) column and concentrated in vacuo. About 0.5 ml of the condensate was charged on the Sephadex G-25 column (1.5 x 90 cm), and eluted by 0.05 M Na-acetate buffer (pH 5). The fraction eluted at void volume was assumed to be H20-soluble pectic substance (fraction 3). The only 14C constituent present in the low mol wt fraction (fraction 2) was shown to be TA by paper chromatography. The residue from the hot EDTA extraction was hydrolyzed with 3 ml of 1 N HCI in a sealed tube according to the procedure of Roberts and Loewus (22) . Acid-resistant residue (fraction 7) was separated from fraction 6 by filtration.
The 80%o ethyl alcohol extract was concentrated and subjected to two-dimensional paper chromatography (n-butyl alcohol-acetic acid-H20, 4:1:2 followed by phenol-n-propyl alcohol-H20-formic acid, 75:5:20:1 anionic fraction were analyzed by silica gel column chromatography as described previously (24) . Experiment II. Lyophilized berries from an entire cluster were ground in a mortar and extracted successively with 80%) ethyl alcohol (25 ml x 4), H20 (25 ml x 4), and hot EDTA solution (30 ml x 3). The 80% ethyl alcohol extract was further fractionated by ion exchange resins and the anionic fraction was analyzed by silica gel column chromatography as mentioned above. The H20 extract and the residue were analyzed as described in experiment I. 14CO2 evolved by berries during the feeding period was trapped and determined according to the modified methods described previously (30, 31) . Determination of Sugars, Organic Acids, and Pectic Substance in Ripening Grape Berries. Twenty g of fresh berries were harvested on the same day as that of the feeding of labeled compounds. The berries were freeze-dried and fractionated as shown in Figure 1 . Aliquots of 80%o ethyl alcohol and H20 extracts were lyophilized in small glass vials and 100 ,ul of TMSi reagents (a mixture of equal volumes of trimethylchlorosilane and hexamethyldisilazane) and 400 ,tl of water-free pyridine were added.
Then, TMSi derivatives ofsugars and organic acids were separated by GLC (column: OV-1, 1.5 m, programmed at 5 C/min from 100 to 290 C; detector: HID; carrier gas: N2, 30 ml/min). Pectic substance in fractions 3 to 6 was determined by carbazole reaction. The interference with the sugars was corrected by the method of Galambos (8, 9 Carbon-14 content below limit of detection (--). Carbon-14 content below limit of detection (--).
of grape berries is very low; most of the free sugars are accounted for as glucose and fructose throughout the ripening period (12) . In the present study, '4C incorporation from sucrose into free sugars increased rapidly during final ripening (Table I ). This extremely high incorporation 70 days after flowering closely matches accumulation of free sugars (glucose and fructose) in ripening berries ( Fig. 2A) . Incorporation of 14C from sucrose into cellulose was more active in early than in late stages of ripening. While the content of pectic substance based on fresh wt in grape berries apparently decreases with berry maturation (4), the amount of pectic substance/berry increases continuously throughout maturation (Fig. 2B ). As shown in Table III , UDP-[U-14CJglucuronate was the best precursor of pectic substance, followed by [6-14C] glucuronate. The immediate precursor of pectin is UDP-galacturonate which is synthesized from UDP-glucuronate in plants. Two synthetir pathways ofUDP-glucuronate from hexose are generally recognized in plants. One is the pathway through UDP-glucose, glucose --UDP-glucose --UDP-glucuronate (5, 11) , and the other is the pathway through myo-inositol, glucose -* myo-inositol -. glucuronate --UDP-glucuronate (20, 22) . Both pathways result in oxidation of C-6 of glucose. Pectic substance labeled by these experiments were present in fractions 3 to 6, and their 14C distribution patterns were different for each 14C substrate (data not included in Table III ). When UDP-[U-'4C]glucuronate and [6- '4Cjglucuronate were given, 40 to 70o of the total label in pectic substance was formed in fraction 4 while fraction 3 contained only 5 to 30%. When sucrose was the source of 14C, fraction 6 retained most of the label (50-70%) and fraction 4 was less labeled (20-40%o) . In the case of [U-_4C]sucrose (Table III) , a considerable part of the 14C must be incorporated into neutral sugar residues of hemicellulose which is a characteristic polysaccharide of fraction 6 (22) .
In an earlier paper, we showed that AA is an intimate precursor of TA in grape berries (25) Fig. 2A and ref. 24) . From 20 to 50 days after flowering, the period ofmaximum TA (Table  VI) . Moreover, myo-[U-_4Cjinositol, which readily incorporated its label into pectic substance 21 days after flowernfi, lends support to the view that a significant portion of myo-[U-Clinositol was metabolized via glucuronate in grape berries. Despite its considerable conversion to pectic substance, virtually none of the 14C in myo-inositol was incorporated into TA. It has already been reported that [6-"4C] glucuronate is a very poor precursor of AA in plants (16, 19) , and that free glucuronate does not occur in plants under normal conditions (10) . It is also known that glucuronate is in equilibrium with glucurono-y-lactone in solution, and that the equilibrium shifts to the direction of lactone formation under acidic conditions which prevail in the berry (6) . Glucurono--ylactone is known as an effective precursor of AA in higher plants (7) . Therefore, incorporation of "C into TA from glucuronate is probably due to glucurono-y-lactone. It is reasonable to conclude that intermediates in the biosynthesis of pectic substance have no real role in TA formation under normal physiological conditions in the grape. This conclusion is different from the results of Ruffner and Rast (23) who concluded that TA is synthesized from glucose via glucuronate in grape berries.
In this report, we showed that [U-_4Clgluconate is a more effective precursor of TA than [U-_4CJsucrose in grape berries. Ribereau-Gayon (21) [6- "4Ciglucose to TA in 3 hr. Redistribution of label between terminal carbons of hexose due to glycolysis prior to TA biosynthesis probably accounts for TA labeling from [6-"4C]glucose. Kodama et aL (13) and Kotera et al. (14, 15) reported that a high TAexcreting mutant of Gluconobacter suboxydans metabolized glucose to TA via gluconate and 5-ketogluconate. Loewus (16) showed that AA synthesis in plants is preceded by an oxidation of glucose at C-1. He also proposed 5-ketogluconate as the intermetabolite from glucose to AA since label from [5- 
